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ABSTRACT 
 
 
 
In the radiofrequency bands, measuring the power-dependent complex permittivity 
and permeability of materials that undergo metal–insulator transitions is a significant 
challenge which is important for defense and commercial applications. This thesis attempts 
to articulate barriers in the prior art, and how the techniques described herein overcome such 
deficiencies. Specifically, using a combination of direct and indirect narrow-band resonant 
and wide-band, non-resonant heterostructures, with narrow gaps, application relevant electric 
fields were achieved, and complementary assessments of the measured S-parameters were 
determined. The heterostructures/fixtures include complementary split-ring resonator and 
coplanar waveguide instantiations. Additionally and complementary to the RF measurement 
systems, a ferroelectric test measurement system for high-frequency and high-power 
polarization vs. electric field curves was designed, built, tested, and shown to match baseline 
comparisons. The ferroelectric test system is a Sawyer–Tower variant using the virtual 
ground topology.  
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CHAPTER 1 
 
INTRODUCTION 
 
Accurately measuring the response of materials to radio-frequency (RF) 
electromagnetic fields provides critical information for many electronic applications, and it 
facilitates validation of theory. Materials can have various responses to electromagnetic 
fields. A materials complex permittivity (i.e., 𝜀) contains a real (i.e., 𝜀′) and imaginary (i.e., 
𝜀″) portion, and allows for characterization of the materials response. A dielectric is a poor 
conductor of current while it easily lets an electric field propagate through it. A good 
conductor, however, allows current to flow through it, but it does not allow an electric field 
to propagate through it. Measuring a materials response to RF enables identification of 
technologically relevant material systems. For example, solids whose imaginary permittivity 
can be quickly (e.g., timescales spanning tens to hundreds of picoseconds) and reversibly 
altered to undergo metal–insulator transitions upon illumination by microwaves are of 
interest to commercial and defense applications.1–4 In particular, there is an interest in having 
a material that can transmit low-power RF fields and block high-power RF fields (e.g., see 
Fig. 1) so that sensitive electronic equipment can be protected. Such a material could exhibit 
a response as schematically depicted in Fig. 2. In this figure, the yellow and blue arrows 
represent low-power RF waves, and the green arrow represents a high-power RF wave. Some 
examples of low-power RF waves include radar and radio communication waves, while the 
high-power RF could include an electromagnetic pulse generated from high-power 
microwave device. The materials previously mentioned could be utilized in applications with 
a sensitivity to direct high-power microwaves.  
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Figure 1: Schematic depiction of a targeted field driven transmission 
(Figure provided by Professor Anthony Caruso) 
 
 
 
Figure 2: Material that transmits low-power RF fields and blocks high-power RF 
fields  
(Figure provided by Professor Anthony Caruso) 
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Similarly, such materials could also be relevant to protecting sensitive equipment from the 
indirect effects of nearby lightning strikes. Some example embodiments of these materials 
include radomes in aircraft, guided missiles, and integrated masts. 
There are several methods to characterize the response of materials to RF fields. For 
example, transmission and reflection measurements can be made by using free-space 
methods,5,6 transmission line methods,7–9 and resonant methods.10–12 Transmission and 
reflection methods are used to make broadband measurements of a sample that is placed 
either inside or in close proximity to a measurement device. The scattering parameters are 
measured, preferably with a vector network analyzer (VNA). The relevant scattering 
equations relate the measured scattering parameters to the permittivity and permeability of 
the material.13 Figure 3 shows a typical measurement configuration of transmission/reflection 
method to determine characteristics of a material. Sections with lengths designated L1 and L2 
are the unloaded portions of the measurement device. Lm is the material under test, which is 
subjected to an incident electromagnetic field. The aforementioned scattering equations can 
be determined by analyzing the electric field at the sample interfaces.13  
 
Figure 3: Typical measurement configuration for transmission/reflection method 
(Figure provided by John Lancaster) 
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Both free-space and transmission-line methods can be used for broadband frequency 
transmission reflection measurements. However, as sample size decreases, determining low-
frequency properties becomes difficult.6 This is a consequence of sample sizes becoming 
comparable to the wavelengths of the signal.14  
 Transmission lines require many material assumptions that preclude making accurate 
measurements. For example, it must be assumed that there are no air gaps between the fixture 
walls and the sample.6 Furthermore, the sample must be assumed to have spatial 
homogeneity.6 In contrast, resonant measurement techniques are accurate but at the expense 
of a reduced bandwidth.10 This will be further discussed in Chap. 3. 
Determining the response of certain systems to radio frequency waves can also be 
facilitated by determining electric polarization. This can be accomplished by measuring 
voltage, utilizing a large sensing capacitor within Sawyer–Tower (ST) topology15 to map out 
the polarization-dependent response of the electrically polarizing materials of interest to the 
applications identified above. Moreover, utilizing a virtual-ground operational amplifier with 
an integrating capacitor for the virtual ground method offers improved capabilities compared 
to traditional ST circuits.16,17  
Regarding methods that determine electric polarization, ST-type circuits measure a 
voltage that is proportional to the charge and a voltage that is proportional to the electric field 
applied dielectrics, such as ferroelectrics.18 These measurements can provide a polarization 
hysteresis loop. Early ST circuits used a DC voltage source.15 Alterations to the original 
circuit have allowed for determining responses to AC voltages.19 One of these alterations is 
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provided by using the virtual ground method that utilizes the high slew rate of a modern 
operational amplifier.  
In this thesis, we address the aforementioned deficiencies pertaining to measuring RF 
transmission and reflection due to electromagnetically actuated change in imaginary 
permittivity of a material. This is accomplished by using a coplanar waveguide in 
conjunction with a complementary split-ring resonator to determine power-dependent 
transmission and reflection measurements over a wide frequency range. Benchmarking our 
results against literature-derived standards shows validation. Furthermore, we also present a 
prototype virtual ground method that is expected to determine high-frequency polarization 
response of dielectric materials. Our results enable both validation of theory and 
determination of technologically relevant material properties. 
The remainder of this thesis is organized as follows. Chapter 2 reports on the basic 
background pertaining to measuring RF responses. The various techniques for measuring 
such responses are discussed in Chap. 3. In Chap. 4, design, simulation, fabrication, and 
measurements with coplanar waveguides and complementary split-ring resonators (CSRRs) 
are discussed. In Chap. 5, elaboration is given on the design and fabrication of the virtual 
ground setup. Chap. 6 contains a summary of findings as well as what the next steps are for 
future work. 
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CHAPTER 2 
 
BACKGROUND 
 
 
We are interested in measuring metal–insulator transitions (MITs). Insulators have 
very low conductivity, usually 10-12 to 10-20 (Ωm)-1. 20 They are often assumed to be 
nonmagnetic so they are actually dielectrics.20 Conductors have typical conductivities in the 
range of 104 to 108 (Ωm)-1.20 MITs provide large changes of conductivity spanning a range of 
tens of orders of magnitude, and these transitions are widely observed in condensed-matter 
systems.21  
There are several terms which need to be explained regarding frequencies and 
wavelengths. They are related by the equation: 
𝜆 =
𝜐
𝑓
,    (2.1) 
where 𝜆 is the wavelength, 𝜐 is the phase speed, and f is the frequency. When radio frequency 
(RF) is mentioned, it is referring to a frequency range from 3 kHz to 300 GHz.22 Similarly, 
when microwaves are mentioned, they are in the frequency range of 300 MHz to 300 GHz.22 
 The transmission responses of materials are related to the complex permittivity 𝜀 =
𝜀′ + 𝑖𝜀″ and complex permeability 𝜇 = 𝜇′ + 𝑖𝜇″, where prime and double prime quantities 
represent real and imaginary parts, respectively, and 𝑖 = √−1. The permittivity and 
permeability are constitutive relations for the polarization and magnetization, respectively. At 
macroscopic to mesoscopic scales, permittivity, permeability, and impedance are used to 
model the response of materials to applied fields.22 The permittivity of a material is related to 
a variety of physical phenomena. Ionic conduction, dipolar relaxation, atomic polarization, 
and electronic polarization are the main mechanisms that contribute to the permittivity of a 
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dielectric material. In the low-frequency range, ε″ is dominated by the influence of ion 
conductivity.20  
Electronic and atomic polarization are similar in nature. Electronic polarization 
occurs in neutral atoms when an electric field displaces the nucleus with respect to the 
surrounding electrons. Atomic polarization occurs when adjacent positive and negative ions 
stretch under an applied electric field.20  
To understand how ε′ and electric polarization (P) are related, we begin with the 
definition of the electric displacement field: 
𝐷 ≡ 𝜀0𝐸 + 𝑃,     (2.2) 
where 𝜀0 = 8.854 × 10
−12 F m⁄  denotes the vacuum permittivity. In the case of linear media, 
then 
𝐷 = 𝜀′𝐸.     (2.3) 
Combining this equation with Eq. (2.2) then provides 
𝜀′𝐸 = 𝜀0𝐸 + 𝑃.    (2.4) 
A more general relationship for nonlinear media is provided by differentiating both sides of 
Eq. (2.3) w.r.t. E. This provides  
𝜀′ = 𝜀0 +
𝑑𝑃
𝑑𝐸
.     (2.5) 
We note that it is typical to express 𝜀′ in units of 𝜀0. This provides relative 
permittivity (𝜀𝑟 ≡ 𝜀
′ 𝜀0⁄ ), which is also referred to as the dielectric constant. 
Ferroelectric materials can also provide desirable characteristics for the applications 
mentioned, especially when combined with two-dimensional materials such as graphene.23 In 
the field of ferroelectricity, polarization is a key concept. Many times the polarization is 
given as the dipolar moment per unit volume.24 A ferroelectric phase is one in which the 
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remanent electric polarization (i.e., polarization present in the absence of an external electric 
field) can be reoriented between possible equilibrium directions (determined by the 
crystallography of the system) by a realizable, appropriately oriented electric field.24 
Polarization–electric field (P–E) plots for ferroelectric materials display a well-known 
hysteresis loop. This loop contains valuable information about the measured material. It is 
often helpful to look at P–E loops for simple, linear circuit elements to better understand the 
significance of these loops. An ideal capacitor, ideal resistor, lossy capacitor, and non-linear 
ferroelectric are shown in Figs. 4 (a)–4 (d), respectively. In Fig. 4 (a), as the electric field 
increases, the displacement field increases. Current leads voltage by 90° in a linear ideal 
capacitor, this makes the charge in phase with the voltage since charge is the time integral of 
current. Figure 4 (b) shows how an ideal resistor P–E loop is perfectly in phase making the 
charge 90° out of phase. Figure 4 (c) shows the P–E loop of a lossy capacitor or a 
resistor/capacitor in parallel. Either of these configurations result in an elliptical P–E loop 
such as the one indicated in Fig. 4 (c). This can compensate for stray capacitances or 
conductive losses in the Sawyer–Tower (ST) circuit. In Fig. 4 (d), the non-linear ferroelectric 
capacitor P–E loop demonstrates that polarization can exist even if the applied electric field 
is zero.18 
The hysteresis loop (Fig. 5) displays three important values, the coercive field 
strength (± Ec), remanent polarization (± Pr), and saturation polarization (±Ps).
18 The 
coercive field strength is the magnitude of the electric field at which the material becomes 
non-polarized.24,25 A nonzero coercive field strength indicates that the ferroelectric is already 
polarized in one direction. If the sample were in a randomly polarized orientation, the loop 
would begin at the origin of the plot.24 
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Figure 4: (a) Ideal linear capacitor response, (b) ideal resistor response, (c) lossy 
capacitor response, (d) non-linear ferroelectric response  
(Figure 4 from Ferroelectric Hysteresis Measurement and Analysis, Stewart) 
 
 
Remanent polarization is the amount of finite polarization that persists in the material 
when the electric field drops to zero,24 this is one of the most important characteristics that 
distinguishes ferroelectric materials from non-ferroelectric materials.26 The saturation 
polarization is the maximum polarization a material can obtain.24 If a material is at a point of 
saturation, then increasing the magnitude of the electric field will not further increase 
polarization.  
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Figure 5: Polarization–Electric field (P–E) loop showing, remanent polarization (± Pr) 
saturation polarization (±Ps), remanent polarization (± Pr)  
(Figure 5 from Ferroelectric Hysteresis Measurement and Analysis, Stewart) 
 
Scattering parameter (S-parameter) measurements of devices are the common 
reference for RF and microwave circuit and system analysis.27 S-parameters from vector 
network analyzers (VNAs) relate to the phase and magnitude of a voltage wave.22 The signal 
travelling along a transmission line is known as a travelling wave28, this signal has a forward 
and reverse component. If there are two ports (port 1 and port 2) on a VNA then S12 
represents the power transferred from port 2 to port 1, and S11 is the power sent out of port 
one and then reflected back to port 1. Jan Obrzut mentions how one can correlate the changes 
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in the (S11) and (S21) measurements with the complex impedance and propagation constant 
from which the film surface conductance is determined.29 A more complete characterization 
of the sample material is given by the Nicholson–Ross–Weir (NRW) method, which has been 
a proven asset in extracting permittivity and permeability from scattering parameters in a 
variety of transmission line measurement techniques.30–32 The NRW scattering parameters 
for the case of a coplanar waveguide (CPW), a device which we will discuss in Chap. 3, are 
as follows: 
𝜒 =  
𝑆11
2 −𝑆21
2 +1
2𝑆11
      (2.6) 
𝛤 = 𝜒 ± √𝜒 − 1      (2.7) 
𝛲 =  
𝑆11+𝑆21
1−(𝑆11+𝑆21)Γ
     (2.8) 
𝛲 = 𝑒−(𝛼+𝑖𝛽)𝑙 = 𝑒𝛾     (2.9) 
Here, S11, and S21 are the total reflection and total transmission coefficients, respectively. 
Furthermore, 𝛤 is the local reflection coefficient due to the air–dielectric interface. As 
discussed in Ref. 8, the P in Eqs. (2.7) and (2.8) are similar, but in the former case the P 
represents the local transmission coefficient whereas in the latter case P represents what is 
theoretically defined. We note that P’s discussed in reference to S-parameters do not 
represent electric polarization. This is in contrast to when polarization hysteresis loops are 
discussed. While this duplicated notation is unfortunate, we have elected to follow it in an 
attempt to provide continuity with other literature in the field. Eq. (2.9) can be rewritten to 
relate the propagation factor with the permittivity as: 
ln (
1
𝑃
) = 𝛾𝑙 ≡ [𝑖
2𝜋
𝜆0
𝑙√𝜀𝑟𝑒𝑓𝑓].    (2.9a) 
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Eq. (2.9a) provides the effective permittivity (𝜀𝑟𝑒𝑓𝑓) of the CPW with the test sample in 
place. The effective permittivity has the complex form given by  
 𝜀𝑟𝑒𝑓𝑓 = 𝜀𝑟𝑒𝑓𝑓
′ + 𝑖𝜀𝑟𝑒𝑓𝑓
″ = −𝜆0 [
1
2𝜋𝑙
ln (
1
𝑃
)]
2
.  (2.10) 
In this Eq., 𝜀𝑟𝑒𝑓𝑓
′  is the real portion of effective permittivity, 𝑖𝜀𝑟𝑒𝑓𝑓
″  is the imaginary portion 
of the effective permittivity, and l is the length of the sample kept on the CPW. The free 
space wavelength is identified by 𝜆0. When using Eq. (2.10), a problem arises when 
computing the effective permittivity because it does not have a unique solution. This is a 
consequence of the presences of the logarithmic function of the complex number.8 Additional 
elaboration pertaining to S-parameters is provided in Ref. 27  
Experimentally, permittivity can be determined by using a vector network analyzer 
(VNA). These instruments have been around since the 1980s, and many of the original units 
are still in use today. These analyzers are the quintessential instruments used to measure 
microwave responses of circuit components. The modern VNA consists of a source, an RF 
test set, receivers, a digitizer, and a CPU. 27 A basic component test system block diagram 
consists of (i) a stimulus source that is applied to the input of the device under test (DUT), 
and (ii) a response receiver at the output of the DUT. So in general, a stimulus and two 
receivers are required per port. In addition, there must be a signal separation device at each 
port to isolate the incident scattered waves.27 
Two common methods to transmit electromagnetic waves are transmission lines and 
waveguides. When dealing with transmission lines and waveguides, there are different types 
of wave propagation that can exist. Transmission lines that contain two or more conductors 
may support transverse electromagnetic (TEM) waves.33 TEM waves are characterized by Ez 
= Hz = 0, i.e., the lack of longitudinal field components. Waveguides consisting of a single 
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conductor often support transverse electric (TE) waves or transverse magnetic (TM) waves.33 
Understanding the modes which these devices propagate allows better understanding of the 
field which is created and therefore how it is traveling through the samples in this situation. 
Another important aspect of making microwave measurements is having a good 
calibration technique. Thru-reflect-line (TRL) calibration has been a useful technique to 
facilitate accurate measurements.34 The thru i.e., the “T” in TRL, denotes the shortest line on 
the device. The reflect, i.e., the “R” in TRL, is either an open or short, where unknown 
reflection is used to terminate.34 The line, i.e., the “L” in TRL, which is sometimes 
substituted for delay, may be of arbitrary length provided that it is not a multiple of half the 
wavelength of the driving frequency. TRL calibration does not rely on mathematically 
perfectly defined reference standards like short, open, load, thru (SOLT) calibration.35 
Instead, TRL is mathematically perfect without any characterization standards. TRL 
calibrations require the three main standards, however these can be fabricated relatively 
easily. When high-power measurements with an external amplifier are taken, some 
calibration techniques are not available due to the high attenuation that is required to protect 
the receivers. This will be further explained in Chap. 4. 
All of the material discussed in this chapter helps in better understanding what is 
happening to a material in response to an electromagnetic field. Characteristics like 
conductivity, permittivity and permeability are related to polarization and magnetization. P–E 
loops were introduced and the information that can be attained about the material under test 
from them was briefly explained. Scattering parameters were introduced, and how they are 
measured with a VNA was discussed.  
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CHAPTER 3 
OVERVIEW OF MEASUREMENT TECHNIQUES 
As mentioned in Chap. 1, there are a multitude of measurement techniques that can be 
used to characterize materials. We are interested in measuring power-dependent behavior of 
materials, particularly when a material can transition between high and low transmissivity 
modes, responding to microwave frequencies. Initially, the regime which we are interested in 
is 0.7 to 5 GHz because that is the range of the high-power (100 W) amplifier which is 
currently available. We have also narrowed down the sample sizes to footprints of 6 × 6 
mm2 and 10 × 10 mm2. There are several reasons for the samples to be these sizes. One 
reason for the selection of the6 × 6 mm2 size is that it is compatible with an available die 
which can press pellets consisting of different ratios. Additionally, both sample sizes 
minimize material costs and facilitate testing at high field strengths. 
Measurement techniques can be categorized as coaxial probe, transmission line, free-
space, resonant cavity, and parallel plate. These techniques have strengths and weaknesses.   
The coaxial probe is broadband, simple, and convenient (e.g., non-destructive). 
However, this probe cannot be used to measure magnetic materials, and it has limited 
accuracy with respect to determining ε. Additionally, some assumptions of the sample 
material must be made such as “semi-infinite thickness”, non-magnetic, isotropic and 
homogenous, flat surface, and no air gaps.6 This technique is best for liquids or semi-solids.6 
This setup is ideal for large quantities of a sample.  
Transmission lines encompass a wide array of methods including, coaxial-lines, 
waveguides, and planar transmission lines [e.g., stripline, microstrip, and coplanar waveguide 
(CPW)]. Transmission line methods traditionally involve removing the original substrate for 
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a portion and replacing it with a sample material. As discussed in Chap. 2, assumptions about 
the materials are required. The sample must fill fixture cross sections, air gaps at fixture 
walls must be eliminated, materials must have smooth, flat faces perpendicular to the long 
axis of the line, and materials must be homogenous. The transmission line can provide 
broadband measurements, limited low loss resolution, and it can measure magnetic materials. 
In addition, another type of transmission line, the waveguide, can be used to measure 
anisotropic materials.6,20 Another differentiating feature of measurement techniques is the 
bandwidth that they are capable of measuring. A narrow-band measurement is usually 
limited due to resonances that occur. In comparing resonant and broadband techniques, it 
may be seen that resonant techniques create a high-impedance environment, and they permit 
high accuracy measurements with small samples.6 Resonant techniques are well suited for 
low-loss materials, but at a limited number of frequencies that depend on the device. 
Broadband techniques create a low-impedance environment, which requires larger samples to 
obtain moderately accurate measurements.6 However, they can measure at “any” frequency 
within a range. 
Early RF and microwave systems relied on waveguides, two-wire line, and coaxial 
lines for transmission.33 Planar transmission lines offer an alternative that is compact, 
inexpensive, and capable of being integrated with active circuit devices to form microwave 
circuits.33 Three common planar transmission lines were mentioned earlier. Microstrip [Fig. 6 
(a)], CPW [Fig. 6 (b)], and stripline [Fig. 6 (c)]. The propagation in a stripline [Fig. 6 (c)] is 
in pure TEM mode, and stripline circuits are usually quite compact. However, they are 
difficult to construct.33 As shown in Fig. 6 (a), a microstrip line consists of a strip conductor 
and a ground plane separated by a dielectric. Between the two grounding plates and the 
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central conductor is either air or dielectric materials. As shown in Fig. 6 (b), the CPW has all 
of the conductors on the surface of the dielectric substrate. The wave propagating on a 
microstrip is not pure TEM wave, nor is it a simple TE or TM wave. The wave propagating 
on a microstrip is a quasi-TEM mode.33 The stripline [Fig. 6 (c)] contains the center 
conductor sandwiched by two conducting plates separated by a dielectric or air. One could 
think of the stripline as a flattened out coaxial line.33 Accurate determination of the 
propagation on a microstrip line requires intense numerical simulations.20 A quasi-TEM 
mode is the fundamental mode of propagation, similar to that of the microstrip. 
 
Figure 6: Configuration of (a) a microstrip, (b) a coplanar waveguide, and (c) a stripline 
 
Figure 7 displays some measurement techniques that were explored for power-
dependent measurements. In what follows, we provide elaboration in regard to this. 
The stripline [Fig. 7 (a)] that was fabricated had some advantageous characteristics. It 
allowed for a simple rectangular sample and a small sample on the order of 1 cm2. In 
addition, the stripline allowed for wideband measurements. However, the stripline does not 
allow for adequate field strengths. This is due to voltage breakdown in the air, as well as 
thermal effects.  
The coaxial airline pictured in Fig. 7 (b) is a commercially available product which 
allows for wideband measurements. The dimensions allow for a small sample on the order of 
1 cm2, with an inner diameter of 6.9 mm. The sample size was small, however. Furthermore, 
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due to the geometry of the device, the samples must be machined into a toroidal shape. This 
limits the types of materials that can be measured because some sample materials are not able 
to be machined into the proper shape. Once again, the required field strength was not attained 
by this device, especially when measuring materials which have a conductive attribute. Some 
effort was put into introducing an air gap to prevent this arcing, and identifying the effect the 
air gap had on the measurement. There are other difficulties introduced with this method 
including getting the sample to remain in the center of the coaxial airline when it is loaded. 
Rectangular waveguides, one example of which is pictured in Fig. 7 (c), are another 
technique that was explored. These enable mesoband measurements (about one octave). The 
material requirements for this technique are an order of magnitude higher, on the order of 10 
cm2, than the previously mentioned techniques. Another drawback to using waveguides is 
that the field strength required is not achievable without a prohibitively expensive amplifier. 
Free-space measurements [horn antenna Fig. 7 (d)] have many features including no 
need for a test fixture, and they can be used at high frequencies. However, obtaining 
measurements at lower frequencies is hindered by practical sample size. Antenna polarization 
may be varied for anisotropic materials, and free-space measurements can characterize 
magnetic materials. Free-space calibrations introduce special problems for calibration, and 
they require large and flat samples,36 which can be on the order of 1 m2. Many materials are 
costly and obtaining a sample of them is prohibitively expensive or not even be available in 
the required dimensions. 
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Figure 7: List of measurement methods 
 
 
Resonant methods include resonant cavity, resonant perturbation, reentrant, and split-
ring. Resonant cavities are generally made in circular or rectangular shapes because they can 
more easily produce non-degenerate modes. The rectangular cavity resonator can be made 
from a rectangular waveguide by shorting the two ends. Rectangular cavities can have TE or 
TM modes. A special resonant mode TE101 is widely used in material characterization.
20 
Resonant perturbation utilizes a different mode to measure materials and requires a different 
placement for determination of permittivity and permeability.20 These cavity techniques 
require that a certain mode is dominant.5,36 This requirement limits the bandwidth with which 
measurements can be taken. The dielectric resonator method is a method that has been 
heavily studied and has a lot of variation in experiment.22,36 It can be set up for accurately 
determining either 𝜀′ or 𝜀″. A dielectric resonator can be fabricated using two cylindrical 
conducting plates, and it can be modified to allow for measurement of thin film materials by 
(a) 
 
(b) 
 
(c) 
 
(d) 
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making a split-post dielectric resonator. In the latter case, it can obtain an accuracy of ± 
2%.20 Reentrant resonators allow the dimensions of the cell to be substantially reduced. They 
are also well suited to measure small amounts of liquid. However, if a solid material is used, 
it will require destructive sample preparation.37  
Planar resonators are preferable to the previous mentioned resonant methods. Split-
ring resonators (SRRs) consist of two concentric rings as shown in Fig. 8 (a). 
Complementary SRRs (CSRRs) [Fig. 8 (b)] are complementary structures based on Babinet’s 
principle.12 CSRRs have a structure similar to those of SRRs, but two concentric rings are 
removed from a conductive surface. In the past, tunable resonant structures have employed 
two or more CSRRs or SRRs.38–40 However, introducing multiple structures increases the 
complexity and overall size thus creating material challenges.11 A single structure mitigates 
these challenges, but may hinder the ability to make measurements at multiple frequencies. 
Using just a single structure still allows for a lot of parameters that affect the resonant 
frequency including dimensions, design, substrate (material and thickness), and the excitation 
device.  
Relative to CSRRs, SRRs are more sensitive to change in permeability because the 
electric field is confined between the traces so they are less likely to interact with the sample 
material.12 Relative to SRRs, CSRRs are more sensitive to changes in permittivity because 
the electric field and magnetic field are interchanged compared to the SRR.12 We note a 
microstrip [Fig 8 (c)] was the excitation device used for both SRRs and CSRRs we 
considered. 
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Figure 8: Illustration of (a) split-ring resonator (SRR), (b) complementary split-ring resonator 
(CSRR), and (c) excitation device-microstrip 
 
 
The waveguide reflection resonance technique was at first an intriguing measurement 
technique.41 A smaller sample is needed than when using a surface impedance measurement 
setup. A surface impedance measurement is where a sample forms a quasi-short in a 
waveguide transmission structure.20 The waveguide reflection resonance method uses the 
TE01𝛿 mode.
41 This method is primarily used for low-loss samples. Therefore, they do not 
provide complete information about the measured materials. Also, the field strength expected 
from the waveguides are expected to require prohibitively expensive amplifiers to produce 
field strengths that are relevant for certain applications. 
In this chapter we have discussed a variety of measurement techniques. These 
techniques include coaxial, transmission line, and free space. A description of several of the 
most common planar transmission geometries was discussed. Some techniques that failed to 
yield the results required by our application were also reviewed. Finally, SRRs, and CSRRs 
were introduced. These will be discussed in more detail in Chap. 4. 
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CHAPTER 4 
COPLANAR WAVEGUIDES AND COMPLEMENTARY SPLIT-RING RESONATORS 
The issue undertaken in this thesis is to measure complex permittivity and 
permeability as a function of field strength in a wide frequency band in order to demonstrate 
mechanisms that allow for the transition between high- and low-microwave transmissivity 
modes. 
Coplanar waveguides (CPWs) have been used in the past to characterize dielectric 
materials by using the transmission and reflection coefficients of the CPW both with and 
without a material under test.7–9 There are several benefits to using this planar transmission 
line geometry: it is cheap to manufacture, allows for a high-field strength, and can be 
designed to allow for characterization in a wide frequency range. CPWs also have 
drawbacks. They can have predominant transverse electromagnetic (TEM) modes other than 
expected. Therefore, it can be difficult to accurately extract the permittivity of the sample 
material. Also, reproduction of sample measurement can be an issue due to sample 
placement. There are many other measurement techniques that have been used to 
characterize materials in a more accurate way by using resonant devices. More recently, 
split-ring resonators (SRRs) and complementary SRRs (CSRRs) have been shown to be good 
near-field sensors to accurately identify material characteristics.  
One of the earliest sensors that was designed and fabricated as a component of the 
work described herein was a CPW calibration board (Fig. 9). When designing a CPW, it is 
necessary to consider the following components: the center frequency, the thickness of the 
substrate (H in Fig. 9), the material that makes up the substrate, the conductive material, the 
width of the center conductor (W in Fig. 9), and the thickness of the conductive coating (T in 
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Fig. 9). An FR-4 substrate was chosen with a copper conductor. The center frequency was 
2.9 GHz due to the frequency envelope of the amplifier setup. Another consideration was the 
gap between the center conductor and the ground planes (G in Fig. 9). The calibration board 
was fabricated with a LPKF ProtoMat S63.42  
 
Figure 9. Physical characteristics of a coplanar waveguide (CPW) viewed from the side. 
 
The calibration board consists of three CPW lines of increasing length (50 mm, 55 
mm, and 60 mm), and it includes two reflect standards that are open circuits. This allows 
thru-reflect-line (TRL) calibration as previously discussed in Chap. 2. Figure 10 is a picture 
of the fabricated calibration board. At the center of this board is a calibration material sample 
of SB1007. The CPW calibration board has allowed TRL calibration.34 Several calibration 
techniques have been considered and attempted. Figure 11 shows how TRL calibration 
compares to a short, open, load, thru (SOLT) calibration kit. The TRL calibration has less 
noise and agrees better with what is expected from measurements from the literature and 
simulations that I performed. This is somewhat expected as the SOLT kit was designed to 
calibrate measurements with a coaxial airline.  
Extracting permittivity with an algorithm has proven to be difficult due, in part, to the limited 
accuracy of the measurements. CST Studio Suite 2017, which we subsequently refer to as 
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just CST, was used to simulate the S-parameter response of the CPW. CST allows (i) 
production of three-dimensional (3D) models of microwave components and (ii) simulations 
of these components. Figure 12 displays the 3D model of the calibration board as produced 
by CST. Additionally CST permits selection of materials from a library of materials. 
Alternatively, user-defined materials can be specified. After the components have been 
rendered, the ports are placed in the proper locations, and the boundary conditions are 
selected. The ports are displayed in red for the CPW calibration board in Fig. 12. The help 
website for CST is very helpful, and it includes introductory videos. Generally one could use 
this program to test components before they are fabricated. In the case of the CPW 
calibration board, however, the prototype was fabricated before the model was rendered. The 
model produced results consistent the VNA measurements. 
 
Figure 10: CPW calibration board 
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Figure 11: Comparison of TOSM calibration to TRL for a 60 mm CPW 
 
 
 
Figure 12: CPW calibration board simulation 
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Figure 13 shows that the simulation trends with the measurement of the prototype. 
The difference in the frequency in the reflection coefficient (S11) may be explained by the 
edge launch connectors, which were present on the prototype but not in the simulation.  
 
 
Figure 13: Comparison of simulation to measurement for a prototype 55 mm CPW 
 
 
To enhance accuracy, another measurement technique was chosen that utilized 
narrowband sensors to help bound the measurements of the CPW. This technique utilizes a 
complementary split-ring resonator (CSRR). CSRRs and split-ring resonators (SRRs) have 
many dimensions that can be altered to change the resonant frequency as well as the quality 
factor (i.e., 𝑄𝑒 =
𝜀𝑟
′
𝜀𝑟
″).
20 Additionally, there are round, square, or other geometries that can be 
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chosen. There is no direct way to design a CSRR to have a certain resonant frequency. Figure 
14 shows the dimensions of a CSRR for the concentric rings.  
Initially, an SRR was designed in CST following a tutorial on YouTube.43 These 
tutorials showed how to properly assign parameters, boundary conditions, and the excitation 
ports. CST was also used to design two distinct CSRRs that allow for measurement of 
samples with footprints of 6 × 6 mm2. Furthermore, CST was used to design a CSRR that 
allows for measurement of samples with 10 × 10 mm2 footprints. Each fabricated device 
yielded a distinct resonant frequency. Moreover, the resonant frequency of the device 
allowing for measurement of 10 × 10 mm2 samples permitted measurements at power levels 
higher than those accessible with the other two devices. Figure 15 shows the three designs 
that we fabricated. The green portion of the CSRRs represents the conductor, and the yellow 
[Fig. 15 (a) and (b)] and blue line [Fig. 15 (c)] represent the conductor on the opposite side of 
the sensor. The CSRRs in Fig. 15(a) and 15 (b) indicate the 6 × 6 mm2 CSRR, and Fig. 15 
(c) indicates the 10 × 10 mm2 CSRR. The CSRRs in Fig. 15 (a) and (b) are identical except 
that the microstrips are of different sizes. The microstrip from Fig. 15 (a) has a narrower 
width than the microstrip from Fig. 15 (b). Various excitation device sizes, i.e., the microstrip 
sizes, were considered to determine (i) their influence on resonant frequency, and (ii) if they 
influenced accuracy. 
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Figure 14: Parameters affecting the SRR and CSRR 
 
 
Figure 15: Two dimensional rendering of first three CSRR prototypes 
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The initial prototypes were created using a Rogers R3003 substrate, which is made 
for RF applications. The substrate has a dielectric constant of 3, and it provides a low loss 
tangent of 0.0013 at 10 GHz.44 The initial prototypes are pictured in Fig. 16. A 10 × 10 mm2 
prototype without edge launch connectors installed is displayed in Fig. 16 (a). A 6 × 6 mm2 
CSRR with a wide microstrip is displayed in Fig. 16 (b). We note that this device exposes the 
substrate from the Rogers R3003, which is more viscous relative to FR-4, which is typically 
used for PCBs. Figure 16 (b) also shows how the center conductor from the edge launch 
connector was soldered into place. The Rogers R3003 was much thinner than the boards 
commonly used in PCBs. The viscous substrate material caused some issues when initially 
fabricating these prototypes. In addition to the board being thin (substrate 0.5 mm thick and 
copper 70 μm thick), it was not rigid, which allowed for the board to be easily deformed. 
Despite the drawbacks of this material, it did make for a good device over all due to its well-
known characteristics that permitted a refined design by using CST simulation. Figure 16 (c) 
displays the 6 × 6 mm2 CSRR with the narrow microstrip. This figure also shows how the 
ground pins from the edge launch connector were soldered into place.  
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Figure 16: Fabricated CSRRs with dimensions (a) 10 × 10 mm2, (b) 6 × 6 mm2 with a wide 
microstrip, and (c) 6 × 6 mm2 with a narrow microstrip 
 
For the 6 × 6 mm2 CSRR with the narrow microstrip, Fig. 17 displays transmission 
and reflection coefficients (S21 and S11, respectively) as produced by both simulation and 
measurement. We see that the dip in the measured transmission coefficient, which is at ~4.8 
GHz, agrees well with that from the simulation. 
(a) 
(b) (c) 
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Figure 17: Comparison of simulation to measurement for a prototype 6 × 6 mm2 CSRR with 
narrow microstrip  
 
 
For the 6 × 6 mm2 CSRR with the wide microstrip, Fig. 18 displays the transmission 
and reflection coefficients as produced by both simulation and measurement. The wide 
microstrip was designed to better match the impedance of the incoming and outgoing coaxial 
lines at the frequency ranges considered. Relative to the narrow microstrip, Fig. 18 indicates 
a more pronounced difference between the transmission resonant frequency produced by 
simulation (4.6 GHz) and that produced by measurement (4.4 GHz). 
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Figure 18: Comparison of simulation to measurement for a prototype 6 × 6 mm2 CSRR with 
wide microstrip 
 
 
For the 10 × 10 mm2 CSRR, Fig. 19 displays the transmission and reflection 
coefficients as produced by both simulation and measurement. We see that the transmission 
resonant frequency produced by simulation and the produced by measurement both occur at 
~2.8 GHz. 
The measured reflection coefficients in Figs. 17–19 do show a change near the 
frequencies expected from simulation. However, in contrast to the simulation results, the 
measurement results do not provide a well-defined dip. This may be a consequence of the 
waveguide ports in the simulation poorly modeling the edge launch connectors of the 
fabricated prototypes. 
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Figure 19: Comparison of simulation to prototype transmission and reflection coefficients of 
a 10 × 10 mm2 CSRR 
 
 
Figure 20 is a plot of the transmission coefficients of the four fabricated prototypes. 
As indicated, and in accordance with theory, all prototypes produce (i) qualitatively identical 
behavior, and (ii) quantitatively distinct resonant frequencies. 
 
33 
 
 
Figure 20: Displays resonant frequencies of the four fabricated CSRRs 
 
 
The CSRRs were designed to operate within the range of 0.7–5 GHz. Several 
calibration materials were selected to provide a range of permittivities. The 6 × 6 mm2 
CSRRs were used to measure Eccosorb MCS (𝜀𝑟 = 40), SB1007 from ARC technologies 
(𝜀𝑟 = 8), FR-4 (𝜀𝑟 ≈ 4.9), FR-1 (𝜀𝑟 ≈ 4.2), and wood (𝜀𝑟 ≈ 2). Figures 21–23 indicate that 
resonant frequency decreases with increasing permittivity. This trend is observed with both 
the transmission and reflection coefficients. Moreover, this trend accords with both the 
theoretical expectation and experimental results in the literature ,10–12 thus validating our 
approach.  
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Figure 21: εr-dependent transmission and reflection measurements as produced by a 
6 × 6 mm2 CSRR with the wide microstrip 
 
 
 
Figure 22: εr-dependent transmission and reflection measurements as produced by a 
6 × 6 mm2 CSRR with the narrow microstrip 
 
 
When comparing the transmission coefficients produced by the 6 × 6 mm2 CSRR 
with the wide microstrip (Fig. 21) to those produced by the 6 × 6 mm2 CSRR with the 
35 
 
narrow microstrip (Fig. 22), trends indicating that one device may produce more accurate 
results than the other are apparent. Specifically, the narrow-microstrip device yields a 
resonant frequency for FR-4 (yellow curve) that is separated from the resonance frequency 
for FR-1 (purple curve) by ~0.3 GHz while the wide-microstrip device yields a 
corresponding separation of ~0.1 GHz. This difference may be attributable to the latter 
device being more accurate as a consequence of it being designed to have superior 
impedance matching. 
Most of the samples measured with the 6 × 6 mm2 CSRRs were unavailable to be 
measured with the 10 × 10 mm2 CSRR. However, as indicated in Fig. 23, measurements 
performed on the small number of materials considered produced the same trends expected 
from (i) the 6 × 6 mm2 CSRRs, (ii) experimental results in the literature,10–12 and (iii) theory. 
This result validates the device and thus demonstrates its potential for making high-power 
measurements that are unattainable with the 6 × 6 mm2 CSRRs. 
 
Figure 23: εr-dependent transmission and reflection measurements as  
produced by a 10 × 10 mm2 CSRR 
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After the narrow band measurements were taken and determined to be in accordance 
with the literature, the same calibration materials from the 6 × 6 mm2 were measured on the 
coplanar waveguide (CPW). Figure 24 shows that a trend is visible with the CPW that is 
more wideband than with the CSRR. Unlike the CSRR which shifted the resonant frequency, 
the CPW displayed a different trend. As the permittivity of the material under test is 
increased the amplitude of the transmission coefficient is increased. In an opposite trend as 
the permittivity of the material under test increased the amplitude of the reflection coefficient 
of the CPW decreased. The transmission coefficients of the 6 × 6 mm2 CSRR with wide 
conductor is compared to the CPW (Fig. 25) shows that even though the plots look different 
they are telling the same story.  
 
Figure 24: εr-dependent transmission and reflection  
measurements as produced by a CPW  
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Figure 25: Comparing transmission coefficients of the 6 × 6 mm2 CSRR with wide 
conductor to the CPW 
 
 
To be clear in Fig. 25, the left and right hand plots display transmission coefficients of 
devices. The left hand plot (Fig. 25) is the transmission coefficient of the CPW, while the 
right hand plot (Fig. 25) is the transmission coefficient of the 6 × 6 mm2 with wide 
conductor. The transmission coefficient of the CPW increases in amplitude proportionally to 
the permittivity of the material. While the transmission coefficient of the 6 × 6mm2 CSRR 
with wide conductor has a different reaction. The resonant frequency of the CSRR decreases 
as the permittivity of the material is increased. 
 The CSRR is a more consistent then the CPW when making measurements. One 
reason for this is that the sample does not cover the entirety of the CPW as it does with the 
CSRR. To demonstrate some of the variability in measurement when using a CPW Fig. 26 
has been plotted. Figure 26 displays two separate measurements of the same material, thus 
demonstrating the CPW’s measurement variability. 
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Figure 26: Repeatability of sample measurement with CPW 
 
The variability is especially visible in the reflection coefficient. To a certain extent, all 
measurement devices are susceptible to reliability issues. For example, even the amount of 
torque applied to secure coaxial lines can introduce experimental artifacts.27  
Having validated the CSRR device, the next step was to build a sensor that could 
measure several powder combinations to determine power-dependent behavior. A CSRR on a 
FR-4 substrate (Figs. 27 and 28) was designed with extra substrate that would allow a 
nanoparticle reservoir to be attached which could hold the powder while minimally 
perturbing the operation of the CSRR. The FR-4 substrate has total thickness of 1.56 mm. 
This material is rigid in contrast to the Rogers R3003 discussed earlier. A perspective view 
rendered in CST is shown in Fig. 27. A rendering which includes the x and y dimensions of 
the device is shown in Fig. 28. Kapton film was introduced in between the sensor and the 
reservoir so the nanoparticles would not remain on the sensor after measurement. The Kapton 
film, which is orange, can be seen covering the CSRR in Fig. 29 (b). The reservoir itself [Fig. 
39 
 
29 (a)] was fabricated using a 3D printer. Non-conducting hardware [Fig. 29 (c)] was chosen 
to minimize experimental artifacts. The assembled sensor to measure the powders can be 
seen in Fig. 29 (c) and (d), where Fig. 29 (c) is the CSRR side, and Fig. 29 (d) is the 
microstrip side.  
To apply force to the sample powders in a repeatable way, a tamper was machined 
from aluminum. The tamper is shown in Fig. 30. In Fig. 30 (a) and (c) the completed tamper 
is shown. Figure 30 (b) displays that the tamper is a tight fit to the reservoir. Figure 30 (d) 
demonstrates how the tamper is used. 
 
Figure 27: Perspective rendering of top of FR-4 substrate 
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Figure 28: Rendering of FR-4 substrate with x and y dimensions 
 
 
 
Figure 29: (a) Nanoparticle reservoir, (b) CSRR on FR-4 Substrate, (c) non-metallic 
hardware, (d) assembled top, (e) assembled bottom 
41 
 
 
 
Figure 30: (a) Under perspective view of tamper, (b) tamper base fits  
tightly in powder reservoir, (c) top perspective view of tamper, 
(d) tamper in place with CSRR and powder reservoir 
 
 
There was concern that the amount of perturbation produced by the components 
added to the FR-4 CSRR would impair the accurate measurement of the sample powders. 
However, measurements indicate that resonant frequencies are mostly unaffected by the 
presence of the reservoir and Kapton film (Fig. 31). For example, for all configurations 
considered in Fig. 31, resonant frequencies are ~ 4 GHz. To further confirm that the FR-4 
CSRR sensor would still be precise enough to respond to changes in permittivity, the 6 × 6 
mm2 calibration samples previously mentioned were measured. These displayed the same 
trends as the other CSRRs, this validating the sensor.  
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Figure 31: Perturbation analysis of a FR-4 CSRR 
 
 
After validating the 6 × 6 mm2 FR-4 CSRR with the powder reservoir, three powders 
were measured: BTO 500 nm, Y5V, WOS2 135 nm. The measurement of these samples 
indicates that they have different effective permittivities as shown in Fig. 32. Also noted in 
Fig. 32 is that not only does the transmission have the resonant dip that is present in the other 
CSRR measurements, but also, unlike the other CSRRs, the reflection coefficient of the FR-4 
CSRR also has resonant dips.  
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Figure 32: FR-4 CSRR powder comparison 
 
Microwave-power-dependent measurements were performed by using both CSRRs 
and a CPW to get accurate and wideband results. The measurement setup is displayed in 
Figs. 33 (a) and (b), which display the low- and high-power configuration, respectively. 
For non-power-dependent measurements, a two-port transmission/reflection VNA 
measurement was used. This allows for the measurement of all four of the S-parameters. For 
power-dependent measurements, however, a more complex setup was required that included 
a dual directional coupler and an amplifier (100 W, and 5 W amplifiers were used). This 
configuration allows for the measurement of the S11 and S21 S-parameters, i.e., the forward 
transmission and reflection measurement, while allowing an exterior amplifier to boost the 
source power.  
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Figure 33: (a) Low-power VNA measurement setup (b) high-power VNA setup 
 
The high-power measurement setup with a five-Watt amplifier is displayed in Figure 
34. The amplifier from minicircuits.com (model number of ZHL-5W-422+) has a range from 
500 MHz to 4200 MHz .The dual directional coupler in Fig. 34 is made by RF-Lambda, and 
RFDDC5M18G30 is the model number. To aid in power-dependent measurements, a 
Computer was interfaced with the Rhodes and Schwarz ZVA to make the measurements at 
different field strengths.  
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Figure 34: High-power test setup angle one 
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Figure 35:High-power test setup angle two 
 
 
We also took power-dependent measurements with multiple devices. Figure 36 
indicates that there are no significant power-dependent artifacts produced by using a 10 ×
10 mm2 CSRR. This measurement was taken with the 100-Watt amplifier. This improves 
confidence that we will be able to accurately determine power dependence of the materials 
we measured. Any changes that are observed in the resonant frequency will be due to the 
material itself rather than artifacts from the fixture. 
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Figure 36: Transmission coefficient (S21) of a 10 × 10 mm2 CSRR for various power levels 
 
As mentioned before, when the high-power setup is in place it eliminates half of the 
S-parameters, and thus it eliminates the possibility of using thru-reflect-line (TRL) 
calibration. The result of the coupler and external amplifier being added into the loop is that 
there is unwanted noise due to phase alignment. This is indicated by ripples that can be seen 
in Fig. 37. These reduce the accuracy of the measurement. For example, in the case of the 
wood sample measurement in Fig. 37, is the resonant dip occurs on a ripple, thus making it 
difficult or impossible to determine where the resonant dip is by examining the transmission 
coefficient of the 6 × 6 mm2 FR-4 CSRR. The measurements plotted in Fig. 37 are all at 20 
dB. 
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Figure 37: Measurement of calibration samples in high-power setup 
 
 
In an attempt to resolve the rippling issue shown in Fig. 37, difference plots were 
explored. The difference plot that gave the best results was obtained by subtracting the 
transmission coefficient of the sample at a certain power level from the measurement of the 
CSRR in isolation (i.e., the air measurement) at the same power level. Other combinations 
decreased the phase noise slightly, but not as well. Figure 38 shows a plot of the same 
samples as Fig 37, however each of the measurements of the materials has been subtracted 
from the air measurement, and it allows shows that the resulting plot can allow for accurate 
measurement of the samples.  
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Figure 38: Difference plot of CSRR calibration samples 
 
 
The plots in Figs. 39 and 40 are zoomed in on the positive and negative portions of 
the plot in Fig. 38. In the positive portion of the plot, as displayed in Fig. 39, the higher the 
permittivity of the sample material under test, the lower the frequency. So the EMCS with a 
high εr of approximately 40 has a peak at ~3.2 GHz, while the sample of wood, with a low εr 
of approximately 2, has a peak at ~3.8 GHz.  
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Figure 39: Difference plot of CSRR calibration samples zoomed in on positive portion 
 
 
The negative portion of the difference plot which is displayed in Fig. 40 does not 
show a change in frequency. Instead, it shows a change in amplitude displacement. The wood 
sample with a lower εr of ~2 is on the amplitude of ~- 5.5 dB. The EMCS sample with a 
higher εr of ~40 is on the amplitude of ~ -12.  
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Figure 40: Difference plot of CSRR calibration samples zoomed in on negative portion 
 
The methods to analyze the power-dependent data require more attention to better 
identify the changes in permittivity. Perhaps taking the derivative of the measurement would 
be more useful.  
Power-dependent measurements are very important because of the aforementioned 
defense and commercial applications mentioned. Of particular interest is the field strength 
that the material under test experiences. With the use of CST, field probes were placed at 
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various distances above the 6 × 6 mm2 FR-4 CSRR to observe how the distance changed the 
electric field strength. The excitation signal that was used for these measurements was a 0.5 
Watt Gaussian. As Fig. 41 shows, the peak field strength attained was ~80 V m⁄ , and it 
occurred at a distance of 0.1 mm. As the distance is increased, the field strength decreased, 
which accords with theory. The green arrows in Fig. 42 represent the field probes which were 
placed at various distances from the surface of the 6 × 6 mm2 FR-4 CSRR.  
Figure 41: Field strength from a 6 × 6 mm2 FR-4 CSRR above the surface of the CSRR 
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Figure 42: Location of the field probes on 6 × 6 mm2 FR-4 CSRR 
 
 
Figure 43 shows a comparison of the field strengths of the CPW and CSRRs. The 
main takeaway from this plot is that the resonators may reach a field strength higher than that 
provided by a CPW. However, this occurs over only a narrow frequency band. In contrast, 
the CPW propagates a consistent field strength across a wide frequency band.  
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Figure 43: Comparing field strengths of CPW and CSRR prototypes 
 
 
In Chap. 4 we have discussed measuring the complex permittivity of materials in a 
wide frequency range. We began with a discussion of CPWs and highlighted some of their 
positive (e.g., wideband) and negative (e.g., limited accuracy) characteristics. Some of the 
aspects to consider when designing a CPW were also discussed. A few calibration techniques 
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were examined, and calibration improvements were discussed. To improve upon the 
characterization of materials, SRRs and CSRRs were also introduced. Some major 
differences between SRRs and CSRRs were pointed out relating to permittivity and 
permeability measurements. This was followed by a focus on CSRRs. Simulation of CSRRs 
to aid in the design process was highlighted. Some of the properties that need to be accounted 
for when designing the devices were also discussed. Four prototypes were discussed and 
simulated. We compared simulation results to measurement results. The characteristics of 
these devices were explored by measuring calibration samples. The CSRRs were 
demonstrated to accurately measure materials with different permittivities. The same samples 
were measured with the CPW prototype. Relative to the CSRRs, the CPW displayed the 
changes in permittivity in a different manner, and over a wider band, and the trends 
manifested in a different way. Repeatability of the CPW measurements were briefly 
discussed. Power-dependent measurements were highlighted next, which included a 
promising technique to measure powder compounds with a CSRR apparatus. The various 
measurement setups were discussed after this. A technique to improve the power-dependent 
measurements through analysis was briefly discussed after this. Finally, Chap. 4 discussed 
the field strengths that can be attained with a CSRR at various distances above the sensor. 
Then the field strengths of the CSRRs and CPW were compared.  
  
56 
 
CHAPTER 5 
VIRTUAL GROUND METHOD 
We have discussed what polarization is and why it is important to measure it in 
Chaps. 1 and 2. The information which can be gained from electric polarization–electric field 
(P–E) loops is very helpful in understanding how materials will respond to electromagnetic 
fields at various frequencies and field strengths. Although the P–E loops have been 
previously evaluated, obtaining high frequency and/or high field strength measurements is 
made difficult by the measurement devices. In some cases, it is impossible to measure above 
100 Hz.16 Addressing this difficulty is the topic of this chapter. 
 A hindrance in correctly characterizing a material is stray linear capacitance and 
resistive losses which can lead to incorrect measurement of the polarization loop. As 
frequency is increased, these losses become more prolific, but this can be compensated.  
Lead zirconate titanate (PZT) is a commonly studied ferroelectric. There are many 
forms of PZT that have specifically defined properties45. PZT as well as other ferroelectric 
materials have been implemented in a variety of ways. These include atomic force scanning 
microscopes, integrated circuit chip assembly, micro-machine tools, and active vibration 
isolation devices.46 Like many other materials, PZT has its own natural hysteresis 
characteristics that can bring severe positioning error to the aforementioned systems. Using a 
fairly standard Sawyer–Tower (ST) circuit (with bridge,19 voltage divider, and amplifier) 
allows for relatively accurate measurements of dielectrics at low frequencies. 
 To justify development of a new polarization measurement device, we used the 
aforementioned fairly standard ST circuit to measure PZT-5A (Navy Type II). Figure 44 
shows that as field frequency is increased, the hysteresis loop of this ferroelectric becomes 
less saturated, and above 10 kHz the voltage of the output was so low that a loop was not 
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even plotted. PZT-5A was chosen as a calibration material since it has known ferroelectric 
properties. As stated in Chap. 2 the P–E loop of a dielectric (ferroelectric in this case) allows 
you to identify the saturation polarization, the remanent polarization, and the coercive field. 
Multiple amplifiers were fabricated to increase the frequency range. Although this did 
increase the frequency range (Fig. 45), other limitations with the bridge and voltage divider 
setup inhibited accurate measurements of the P–E loop. 
 
Figure 44: PZT-5A P–E loops measured at the indicated frequencies 
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Figure 45: Electric field amplitude vs. frequency from (a) a low-frequency amplifier and (b) 
a mid-frequency amplifier 
 
 
However we were interested measuring at higher frequency and higher field 
strengths. After surveying many of the ways to do this, the decision was made to proceed 
with the virtual ground method using an operational amplifier.16 This measurement technique 
consists of a source in series with an operational amplifier, and it usually includes a resistive 
and capacitive compensation circuit.16 An oscillator is also included to provide a potential 
difference to the sample and to the x component of the oscilloscope. Since this custom 
polarization measurement device will be used with many materials, the gain will need to be 
substantially changed. Thus a “hack board” was designed to allow for real-time changes to 
the gain.  
The process that will be used to measure the dielectric samples will be as follows. 
First the amount of source capacitance must be estimated. This is done by measuring the 
measurement geometry’s capacitance and estimating the samples capacitance. Then the 
current that will be experienced by the sample is estimated from the saturation polarization, 
sample size, and frequency. From these calculations, the required trans-impedance gain will 
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be selected. Based on the current that is expected, the feedback resistance is chosen. Figure 
46 will be used to select the feedback capacitance. The components of the hack board will 
then be configured to allow the correct feedback circuit combination. The theoretical trans-
impedance bandwidth is displayed on Fig. 47 
 
Figure 46: Source capacitance vs. equivalent feedback 
 capacitance based on the feedback resistance 
(Figure provided by Stephen Young) 
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Figure 47: Trans-impedance bandwidth vs. source capacitance 
(Figure provided by Stephen young) 
 
 
The hack board was added to a Texas Instruments THS4631DDAEVM evaluation 
board. This board was chosen due to its high slew rate of 1000 V μs⁄ . In addition, this board 
allows accessing frequencies approaching 100 MHz, which is an improvement relative to 
pre-existing capabilities. The operating range of the trans-impedance amplifier on the 
evaluation board was taken into account, and two feedback circuit configurations were 
chosen. The first circuit is a photodiode circuit that consists of a resistor and capacitor in 
series. The second feedback circuit is referred to as a T-network and includes three capacitors 
and a resistor. The circuit diagrams for these circuits can be seen in the data sheet for the 
Texas Instruments THS4631DDAEVM evaluation board.  
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Once the circuit components and switches were chosen, they were placed into the 
board file on EagleCad (Fig. 48). The dual in-line package (DIP) switches and dual pole dual 
throw (DPDT) switch can be seen in Fig. 48. The DPDT switch was chosen to toggle 
between the photodiode circuit and the T-network circuit quickly without the use of solder. 
The DIP switches were chosen for a few reasons: (i) they allow for the selection of multiple 
resistors or capacitors, which increases the number of possible feedback values, and (ii) they 
were very compact and allowed the hack board to be designed onto a small surface. The 
benefit of having a compact hack board is it allows the board to be mounted directly onto the 
evaluation board, which reduces the length of the wire needed to connect to the evaluation 
board. This improves the actual resistance and capacitance of the feedback circuit. 
 
Figure 48: Schematic view of hack board as produced by EagleCad 
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The values of the resistors and capacitors can also be seen in Fig. 48. There are six 
capacitors on three different DIP switches ranging in value from 22pF–22μF. There is also a 
DIP switch that can select up to five resistors which range from 1kΩ–10MΩ. These 
components are surface-mount technology (SMT) that are a size of 0805 imperial (2012 
metric). It should be noted that the switches are of the through-hole variety. 
A rendering of the evaluation board was created in CST to allow for design 
considerations of the hack board (Fig. 49). These considerations include the location of the 
aforementioned switches, resistors, and capacitors. A set of jumpers to connect the hack 
board to the evaluation board, and the location of the through holes for the standoffs, were 
also placed with the aid of the rendering. This allowed for the third standoff to be placed in a 
location that would not interfere with the evaluation board. 
 
Figure 49: Evaluation board and hack board rendering from different viewing angles 
 
 
Once the placement of the components, switches, and mounting holes were 
configured, the EagleCad board file was made (Fig. 50), including routing the traces. 
63 
 
 
Figure 50: PCB board schematic of hack board as produced by EagleCad 
 
 
After the board design was completed, it was uploaded to OSHPark.com to be 
printed. Upon receiving the printed board, the SMT and through-hole components were 
soldered into place (Fig. 51). All of the resistors and capacitors were tested to ensure they 
operated correctly. The completed hack board mounted on the aforementioned evaluation 
board can be seen in Fig. 52.  
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Figure 51: Lower side of hack board with the SMA components 
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Figure 52: Completed hack board mounted to the evaluation board 
 
 
Although the board has been completed, it has not been fully tested yet. It is probable 
that this device will improve upon the capabilities of the more traditional ST circuit. 
Measuring the polarization of dielectric materials is a difficult task that can be done in a 
myriad of different ways. The goal of this project was to improve upon the frequency range 
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over which polarization responses could be measured. This lays a good foundation, but it has 
not been accomplished yet. 
This Chapter discussed a few methods to measure polarization, and some of the 
limitations of commonly used methods. PZT, which is a well characterized piezoelectric 
material, was discussed and a few P–E loops were displayed. The process of how to prepare 
the equipment to measure various samples was discussed. The design process and 
components selected were explained followed by a discussion of the completed circuit.  
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CHAPTER 6 
SUMMARY 
We have discussed the motivation behind measuring the response of dielectric 
materials to RF fields. A background was provided that included many of the terms which 
are used to define these responses. A survey of some advantages and disadvantages of 
measurement techniques was provided. We designed and fabricated a CPW and several 
CSRRs that were then used in conjunction with each other to determine accurate and 
wideband measurements. We also designed and fabricated a virtual ground setup to 
determine polarization hysteresis loops.  
It was shown that the S-Parameters measured of a fabricated CSRR will alter the 
resonant frequency of both the transmission and reflection (S11 and S21) components relative 
to the permittivity of the samples in a narrow band. Furthermore, the fabricated CPW 
calibration board can measure the same 6 × 6 mm2 calibration materials considered with the 
CSRR, and the CPW was able to show a change in the magnitude of both the transmission 
and reflection (S11 and S21) components over a wide frequency band (0.7–6 GHz). Since the 
same materials were measured with both of these devices, which each withstand high field 
strengths, this contributes to the accurate and wideband measurement of power-dependent 
behavior.  
A next step for the CSRR is to verify the field strength that the calibration samples 
experience when they are measured. Comparing these results to those from simulation would 
then be prudent. Regarding high-power measurements, there are several things that need to 
be accomplished. Either another amplifier with the proper frequency range will need to be 
located to test the FR-4 CSRR with the nanoparticle reservoir, or a new CSRR sensor and 
reservoir will need to be produced that will operate in the proper frequency range. 
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Furthermore, to better analyze the power-dependent data, we will need to utilize a difference 
plot to ensure both accurate frequency resonance and accurate bandwidths. Moreover, SRRs 
need to be designed and fabricated to measure changes in permeability of sample materials. It 
is my opinion that once all of this is accomplished, and materials with the desired metal–
insulator transitions are found with CSRRs, the CPW can be utilized to determine any 
frequency dependences which may exist. 
The virtual ground polarization circuit needs to be tested to make sure the gain 
experienced is what was calculated with the different configurations in the frequency ranges 
considered. If these measurements show no need of improvement of the hack board and 
evaluation board combination, then the compensation circuit would be implemented. This 
could be followed by taking P–E loop measurements of calibration ferroelectrics such as PZT 
5A and others. An additional step would be to compare these measurements to the bridge 
system and a commercial device to enable further validation.  
69 
 
REFERENCES 
 
1 L. Altgilbers, S. Balevicius, O. Kiprijanovic, V. Pyragas, E.E. Tornau, A. Jukna, B. 
Vengalis, and F. Anisimovas, in PPPS-2001 Pulsed Power Plasma Sci. 2001. 28th IEEE Int. 
Conf. Plasma Sci. 13th IEEE Int. Pulsed Power Conf. Dig. Pap. (Cat. No.01CH37251) 
(IEEE, n.d.), pp. 1782–1785. 
2 S. Balevičius, N. Zurauskienė, V. Stankevič, S. Keršulis, A. Abrutis, V. Plaušinaitienė, and 
L.L. Altgilbers, IEEE Electron Device Lett. 32, 551 (2011). 
3 K. Wang, P. Liu, and H. Liu, in Int. Appl. Comput. Electromagn. Soc. Symp. (2017), pp. 1–
2. 
4 C. Yang, P.-G. Liu, and X.-J. Huang, IEEE Antennas Wirel. Propag. Lett. 12, 112 (2013). 
5 W. Liu, L. Xu, X.W. Yang, Y. Shi, and H. Zhan, Sensors Actuators, A Phys. 272, 75 
(2018). 
6 Agilent Technologies, Application Note: Basics of Measuring the Dielectric Properties of 
Materials (2014). 
7 L.A. Bronckers and A.B. Smolders, IEEE Antennas Wirel. Propag. Lett. 15, 1763 (2016). 
8 M. Shete, M. Shaji, and M.J. Akhtar, IEEE Sens. J. 13, 4706 (2013). 
9 H. Jiqing, A. Sligar, Chih-Hung Chang, Shih-Lien Lu, and R.K. Settaluri, IEEE Trans. 
Magn. 42, 1929 (2006). 
10 M.A.H. Ansari, A.K. Jha, and M.J. Akhtar, IEEE Sens. J. 15, 7181 (2015). 
11 N.K. Tiwari, Y. Tiwari, and M.J. Akhtar, IEEE Sens. J. 18, 7450 (2018). 
12 M.S. Boybay and O.M. Ramahi, IEEE Trans. Instrum. Meas. 61, 3039 (2012). 
13 J. Baker-Jarvis, Transmission/Reflection and Short-Circuit Line Methods for Measuring 
Permittivity and Permeability (1990). 
14 Y.A. Il’inskii and L. V. Keldysh, Electromagnetic Response of Material Media (Plenum 
Press, New York, New York, 1994), pp. 25–57. 
15 C.B. Sawyer and C.H. Tower, Phys. Rev. 35, 269 (1930). 
16 A.M. Glazer, P. Groves, and D.T. Smith, J. Phys. E. 17, 95 (1984). 
17 G. Ornelas-Arciniega, J. Reyes-Gomez, and A.G. Castellanos-Guzman, J. Korean Phys. 
Soc. 32, 380 (1998). 
18 M. Stewart, M.G. Cain, and D. Hall, Ferroelectric Hysteresis Measurement & Analysis 
(1999). 
19 H. Diamant, K. Drenck, and R. Pepinsky, Rev. Sci. Instrum. 28, 30 (1957). 
 
70 
 
20 L.F. Chen, C.K. Ong, C.P. Neo, V. V. Varadan, and V.K. Varadan, Microwave Electronics 
(Wiley, Chichester, 2004), pp. 9–440. 
21 M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phys. 70, 1039 (1998). 
22 J. Baker-Jarvis and S. Kim, J. Res. Natl. Inst. Stand. Technol. 117, 1 (2012). 
23 A.I. Kurchak, E.A. Eliseev, S. V. Kalinin, M. V. Strikha, and A.N. Morozovska, Phys. 
Rev. Appl. 8, 024027 (2017). 
24 IEEE (Institute of Electrical and Electronics Engineers), IEEE Trans. Ultrason. Ferroelectr. 
Freq. Control 50, 1 (2003). 
25 IEEE (Institute of Electrical and Electronics Engineers), IEEE Std 180-1986 986, (1986). 
26 R. Resta, J. Phys. Condens. Matter 22, 123201 (2010). 
27 J.P. Dunsmore, Handbook of Microwave Component Measurements: With Advanced VNA 
Techniques (John Wiley & Sons Inc., Chichester, West Sussex, U.K., 2012), pp. 4–211.  
28 R. b. Marks and D.F. Williams, J. Res. Natl. Inst. Stand. Technol. 97, 533 (1992). 
29 J. Obrzut and O. Kirillov, in Conf. Rec. - IEEE Instrum. Meas. Technol. Conf. (2013), pp. 
912–915. 
30 A.M. Nicolson and G.F. Ross, IEEE Trans. Instrum. Meas. 19, 377 (1970). 
31 W.B. Weir, Proc. IEEE 62, 33 (1974). 
32 E.J. Rothwell, J.L. Frasch, S.M. Ellison, P. Chahal, and R.O. Ouedraogo, Prog. 
Electromagn. Res. 157, 31 (2016). 
33 D. Pozar, Microwave Engineering, 4th ed. (Hoboken, 2012), pp. 95–165. 
34 E. f Glenn and H. a Cletus, Ieee Trans. Microw. Theory Tech. MTT-27, (1979). 
35 C.M. Technologies, Fabricating and Using a PCB-Based TRL Pattern with a CMT VNA 
Fabricating and Using a PCB-Based TRL Pattern with a CMT VNA (2018). 
36 G. Brodie, M. V. Jacob, and P. Farrell, in Microw. Radio-Frequency Technol. Agric. (De 
Gruyter Open, Warsaw, Poland, 2015), pp. 53–77. 
37 A.R.H. Goodwin, J.B. Mehl, and M.R. Moldover, Rev. Sci. Instrum. 67, 4294 (1996). 
38 I. Gil, J. García-García, J. Bonache, F. Martín, M. Sorolla, and R. Marqués, Electron. Lett. 
40, 1347 (2004). 
39 I. Gil, J. Bonache, J. Garcia-Garcia, and F. Martin, IEEE Trans. Microw. Theory Tech. 54, 
2665 (2006). 
40 A. Velez, J. Bonache, and F. Martin, IEEE Microw. Wirel. Components Lett. 18, 28 
(2008). 
41 J. Sheen, Measurement 37, 123 (2005). 
 
71 
 
42 LPKF ProtoMat S63 | PCB Prototyping Milling Machine, 
https://www.lpkfusa.com/products/pcb_prototyping/m (n.d.). 
43 R. Emmines, https://www.youtube.com/watch?v=BuObryXXlXg (2014). 
44 Rogers, RO3000® Laminates https://www.rogerscorp.com/acs/producttypes/7/RO30 
(2019). 
45 P.C.M.-S.P. Ceramics., Steminc Mater. Prop. https://www.steminc.com/PZT/en/piezo 
(2019). 
46 S. Xiao and Y. Li, Robot. Comput. Integr. Manuf. 30, 47 (2014). 
 
  
72 
 
VITA 
 
Daniel W. Chandler attended the University of Missouri-Kansas City, where he 
attained a Bachelor of Science degree in Physics in 2017. He subsequently joined the Physics 
Master’s program at the University of Missouri-Kansas City. During the first year of 
graduate school he held a Graduate Teaching assistant role. Throughout his time in graduate 
school he was a member of the Caruso Research Group. His Associate’s degrees include an 
Associate of Science in Computer Science from MCCKC, and Associate of Applied Science 
in Avionic Systems Technology from the CCAF. 
 
